Abstract. Assessments of body-segment angular movements are very important in the rehabilitation process. Head angular movements are measured and analyzed for use in studies of stability and posture. However, there is no methodology for assessing angular movements of the head, and it has not been verified whether data measured by fundamentally different MoCap systems will lead to the same results. In this study, we used a camera system and a 3DOF orientation tracker placed on the subject's head, and measured inclination (roll) and flexion (pitch) during quiet stance. The total length and the mean velocity of the traces of the pitch versus roll plots were used to measure and analyze head orientation. Using these methods, we are able to model the distribution of the measured 2D data, and to evaluate stability and posture. The results show that the total lengths and the mean velocities related to the 3DOF orientation tracker do not differ significantly from the total lengths and the mean velocities of traces related to the IR medical camera. We also found that the systems are not interchangeable, and that the same type of system must be used each time. The designed methods can be used for studies not only of head movements but also of movements of other segments of the human body, and can be used to compare other types of MoCap systems, depending on the requirements for a specific rehabilitation examination.
Introduction
The position of the head can be negatively influenced by many diseases of the nervous system [1] . Patients with vestibular deficits often show instability during stance tasks. Making the stance task more difficult by removing visual inputs has been claimed as a means for identifying a vestibular deficit [2, 3] . MoCap systems were used for 3-D high-accuracy measurements of human body segments, instead of widely-used force platforms for studying the centre of pressure (CoP). Sensing units (in the case of the inertial system) or markers (in the case of the camera system) were used to measure the pitch, roll and yaw of the segments. The techniques were introduced to quantify the movements of segments in both anterior-posterior and medial-lateral directions during stance [3, 4] . Measurements of head angular movements during stance can detect changes in postural stability [5] . It is well known that the sway of standing patients with a vestibular deficit is mainly side-to-side (in the roll plane), and they fall to the side of the deficit [4] . Instability in other directions, such as the fore-aft (pitch) plane, are also observed [6] . Therefore, an assessment of angular movements in the roll plane and the fore-aft plane may yield clearer insights into balance deficits and provide a considerably better diagnostic tool than other more traditional measures of postural instability. This study will therefore use and compare 2D data about the inclination (roll) and flexion (pitch) of a head measured by two fundamentally different MoCap systems -a medical camera with markers, and a tri-axial inertial measurement unit (i.e., a 3DOF orientation tracker). These two fundamentally different systems are basic MoCap systems for studying postural stability in 3D space. The traditional technique for assessing postural instability is a method based on recordings of the CoP with the aid of a static force platform [7] . This technique aims to compare the practical usefulness of parameters of body sway. These include: mean displacement velocity, total length of the CoP trajectory, movement area, planar deviation, etc. The methods are based on a description of the behavior of two variables in two planes/axes. However, we need to model the distribution of the measured 2D data (pitch, roll), because we use MoCap systems instead of the widely-used force platforms. XY plots of pitch and roll angle can be used for studying the 2D data [8, 9] .
Aim of the work
Using a method based on the total length of the trajectory and the mean displacement velocity of pitch versus roll plots, the head sway measurements recorded during stance tasks can provide useful information for identifying balance deficits and disorders. The total length of the trajectory and the mean displacement velocity of the pitch versus roll plots were used to assess head angular movements. The second question was whether 2D data measured by two fundamentally different MoCap systems will lead to the same results. Two MoCap systems were compared on the basis of the total length of the trajectory and the mean displacement velocity of the pitch versus roll plots.
Methods and materials

Subjects
Ten healthy subjects (control group -CG; aged 22.2 (SD 1.4) years) were recruited from the students at the Czech Technical University in Prague. In brief, head orientation was measured during stance. The tasks involved standing on both legs on a firm surface for 60 seconds with eyes open (EO) and with eyes closed (EC). The subject's feet were positioned next to each other, splayed at 30°, arms always in hanging position [10] . Each subject was measured three times with 2-minute intervals between each measurement.
Motion capture equipment
We used one medical camera system with active markers and one inertial measurement unit. We used the Lukotronic AS 200 camera system (Lutz Mechatronic Technology e.V.). This is a widely-used medical camera system with active markers. The markers are placed in accordance with the Frankfort horizontal, see Fig. 1 , for measuring angular movements [3] . Active markers were placed on the following anatomical points: the left and right tragus and the left and right outer eye canthus, Fig. 1 . MatLab software (The MathWorks Inc.) was used to identify the angles (pitch, roll, yaw) of the head in 3D space [10] . The camera system was calibrated before the experiments, and the origin of the world coordinate system was set up so that the first axis was along the symmetry axis (coinciding with the anterior posterior axis) of the platform on which the subjects stood, and the other two axes were perpendicular to the symmetry axis of the platform. The sample frequency was 100 Hz.
For head sway measurements, the Xbus Master motion capture system was also used. This is a lightweight device that uses MTx units for orientation measurements of segments [12] , see Fig. 2 . The MTx unit is an accurate 3DOF tracker. The one MTx unit was placed on the patient's head, in accordance with Raya at al. [13] and Casolo [14] , see Fig. 2 . The head sway was measured in three planes, and the sample frequency was 100 Hz.
Each simultaneous measurement of one subject with EO or EC took one minute. It is not necessary to normalize the data, because the standard ranges of the angles are the same for the three planes of the body, and for all adult persons, if the 3DOF orientation tracker and/or markers are placed on the same segment (i.e., points). Using these techniques, we can record and study the head movements.
Method of quantification of postural stability
The method used for analyzing head movements is based on the total length of the trajectory and the mean displacement velocity of the pitch versus roll plots [8, 9] . The reason for using this method is that the standardized descriptives, such as the standard deviations of displacement and planar deviation seem to be less useful, because the parameter appears to be independent of the sampling frequency, and is not correlated to any of the trajectory parameters [7] that vol.
no. / Comparative Measurements of Head Angular Movements directly reflect the measured movement of the body segment. We may add that the total length of the trajectory of the plot is directly arithmetically related to the mean velocity and the recording time (which was the same in all our recordings), and provides similar information, provided the recording time is standardized. The method of the pitch versus roll plots applied to measured data forms a trajectory, Fig. 3 . The total length and the mean velocity is given by formulas described in detail in [7] .
Statistical analysis
After calculating the total length of the trajectory and the mean displacement velocity of the pitch versus roll plots of each subject with EO or EC, measured by both systems, a statistical analysis was performed with the use of MatLab software. We calculated the minimum (Min), maximum (Max), median, first quartile (Q1), third quartile (Q3), mean and standard deviation (SD) for the total length, and the mean velocity of the pitch versus roll plots. We used the descriptive statistic to illustrate the relationship between the subjects with EO and EC. The Jarque-Bera test was used to test the normal distribution of all parameters (at a significance level of 5 %). The Wilcoxon signed rank test was used to assess the significance of the differences between the total length of the pitch versus roll plots of the measured subjects, with EO and EC, measured by the Lukotronic system and the Xsens system, and to assess the significance of the differences between mean velocity of the pitch versus roll plots of the measured subjects, with EO and EC, measured by the Lukotronic system and the Xsens system. The data about the total length and the mean velocity of the pitch versus roll plots of the subjects measured by the Lukotronic system were compared with data about the total length and the mean velocity of the pitch versus roll plots of the subjects measured by the Xsens system. The significance level was set at p < 0.05.
Results
After calculating the total lengths and the mean velocities of the traces of the pitch versus roll plots, a statistical analysis was performed, see Tables 1 and 2 . The charts in Figures 4 and 5 show the relationship between the total lengths of the traces of subjects with EO and EC, and between the mean velocities of traces of subjects with EO and EC.
The Jarque-Bera test returns h = 1 in two cases and h = 0 in six cases for measurements of the total length and the mean velocity of the traces of the pitch versus roll plots. Since some data did not have a normal distribution, the Wilcoxon test was used to analyze the data.
Total length of the traces of the pitch versus roll plots
In the case of the total length of the traces of the pitch versus roll plots of the subjects with EO and EC measured by the Lukotronic system, the results showed no significant difference in the length of the traces (p = 0.44). In the case of the total length of the traces of the pitch versus roll plots of the subjects with EO and EC measured by the Xsens system, the results also showed no significant difference in the length of the traces (p = 0.96). All calculated p-values were greater than the significance level (p < 0.05). Therefore, we do not reject the null hypothesis, and we can state that there is no significant difference between the total length of the traces of the subjects with EO and EC. Subjects with EO do not demonstrate a significant difference in the length of the traces (p = 0.24) measured by the Xsens system and the Lukotronic system. Subjects with EC also do not demonstrate a significant difference in the length of the traces (p = 0.44) measured by the Xsens system and the Lukotronic system. All calculated p-values were higher than the significance level (p < 0.05). There is therefore no significant difference between the data measured by the Lukotronic system and the data measured by the Xsens system. The median of the length of the traces related to the subjects with EO and measured by the Xsens system is 1.35 times larger than the median of the length of the traces related to the subjects with EO and measured by the Lukotronic system. The median of the length of the traces related to the subjects with EC and measured by the Xsens system is 1.28 times larger than the median of the length of the traces related to the subjects with EC and measured by the Lukotronic system. 
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Mean displacement velocity of the pitch versus roll plots
In the case of the mean velocity of the traces of the pitch versus roll plots of the subjects with EO and EC measured by the Lukotronic system, the results showed no significant difference in the mean velocity of the traces (p = 0.98). In the case of the velocity of the traces of the pitch versus roll plots of the subjects with EO and EC measured by the Xsens system, the results also showed no significant difference in the velocity of the traces (p = 1.0). All calculated p-values were greater than the significance level (p < 0.05). We therefore do not reject the null hypothesis, and there is no significant difference between the mean velocity of the traces of the subjects with EO and EC. Subjects with EO show no significant difference in the mean velocity of the traces (p = 0.21) measured by the Xsens system and the Lukotronic system. Subjects with EC also showed no significant difference in the velocity of the traces (p = 0.21) measured by the Xsens system and the Lukotronic system. All calculated p-values were higher than the significance level (p < 0.05). There is therefore no significant difference between the data measured by the Lukotronic system and the data measured by the Xsens system. The median of the velocity of the traces related to the subjects with EO and measured by the Xsens system is 1.21 times larger than the median of the velocity of the traces related to the subjects with EO and measured by the Lukotronic system. The median of the velocity of the traces related to the subjects with EC and measured by the Xsens system is 1.65 times larger than the median of the velocity of the traces related to the subjects with EC and measured by the Lukotronic system.
Discussion
According to the Wilcoxon signed rank test, the results show that the median of the total lengths of the traces related to the subjects measured by the Xsens system is not significantly larger than the median of the total lengths of the traces related to the subjects measured by the Lukotronic system. The vol.
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Comparative Measurements of Head Angular Movements results also show that the median of the mean velocities related to the subjects measured by the Xsens system is not significantly larger than the median of the mean velocities related to the subjects measured by the Lukotronic system. Generally, however, the medians for the subjects measured by the Xsens system are higher than the medians for the subjects measured by the Lukotronic system. The reason for the different results is gyro sensor drift and skin artifacts, which significantly affect the accuracy. The systems are therefore not interchangeable, and the same type of system must be used each time.
It is also evident that the statistical analysis (Wilcoxon signed rank test) of the subjects with EO and EC showed no significant difference in the total lengths of the traces and/or the mean velocities. Although we had expected some deterioration in the postural stability of the subjects with EC, the results are not conclusive. However, in most cases, the variability (i.e., also the maxima) for subjects with EC was slightly higher than the variability for subjects with EO. There is deterioration in stability and posture, but it is negligible (according to the Wilcoxon signed rank test). A very interesting finding is that, in most cases, the medians for subjects with EC are slightly lower than the medians for subjects with EO. Although the results are slightly different when different MoCap systems are used to measure the inclination and flexion of the head, the MoCap systems identified the same behavior of the subject.
Conclusions
We have found that the total length of the trajectory and the mean displacement velocity of the pitch versus roll plots based on the data measured by a camera system and/or the total length of the trajectory and the mean displacement velocity based on the data measured by a gyroscope system is suitable for studying stability and posture. The findings have also shown that a single 3DOF orientation tracker placed on the patient's head can replace the complex and more expensive camera system.
The median of the total length of the trajectory is 114.3°when we use the Lukotronic system and CG with EO, and 111.1°when we use CG with EC. The median of the total length of the trajectory is 154.5°w hen we use the Xsens system and CG with EO, and 141.81°when we use CG with EC. The median of the mean displacement velocity of the pitch versus roll plots is 2.21°/s when we use the Lukotronic system and CG with EO, and 1.74°/s for CG with EC. The median of the mean displacement velocity of the pitch versus roll plots is 2.68°when we use the Xsens system and CG with EO, and 2.87°for CG with EC. It should be mentioned that the mean velocity and trajectory length depend significantly on sampling frequency and measuring time [7] . In our case, the sampling frequency was 100 Hz and the measuring time was 60 s.
The concept of mean velocity and trajectory length is known to the biomechanics community, but has not been used before for comparing MoCap systems based on different measurement principles, or for studying head angular movements. The methods can also be used for comparing other types of MoCap systems, and for studying other segments of the human body, depending on the needs of a specific rehabilitation examination. Future work can focus on comparing other systems and movements of segments of the human body.
